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ABSTRACT 

Mature mouse beta defensin 2 (mBD2) is a small cationic peptide with antimicrobial activity. Here we 
established a prokaryotic expression vector containing the cDNA of mature mBD2 fused with thioredoxin 
(TrxA), pET32a-mBD2. The vector was transformed into Escherichia Coli (E. coli) Rosseta-gami (2) for 
expression fusion protein. Under the optimization of fermentation parameters: induce with 0.6 mM 
isopropylthiogalactoside (IPTG) at 34°C in 2xYT medium and harvest at 6 h postinduction, fusion protein 
TrxA-mBD2 was high expressed in the soluble fraction (>95%). After cleaved fusion protein by 
enterokinase, soluble mature mBD2 was achieved 6 mg/L with a volumetric productivity. Purified 
recombinant mBD2 demonstrated clear broad-spectrum antimicrobial activity for fungi, bacteria and virus. 
The MIC of antibacterial activity of against Staphylococcus aureus was 50 ug/ml. The MIC of against 
Candida albicans (C. albicans) and Cryptococcus neoformans (C. neoformans) was 12.5ug/ml and 25ug/ml, 
respectively. Also, the antimicrobial activity of mBD2 was effected by NaCl concentration. Additionally, 
mBD2 showed antiviral activity against influenza A virus (IAV), the protective rate for Madin-Darby canine 
kidney cells (MDCK) was 93.86% at the mBD2 concentration of 100 ug/ml. These works might provide a 
foundation for the following research on the mBD2 as therapeutic agent for medical microbes. 
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INTRODUCTION 

Defensins are cationic antimicrobial peptides that exert a 
direct antimicrobial effect on invading microbes and are 
expressed by many different organisms (1). They have broad- 
spectrum antimicrobial activity against a variety of organisms 



including bacteria, fungi, and enveloped viruses (2). Based on 
the spatial distribution of their six-cysteine residues and the 
connectivity of the disulfide bonds, defensins can be classified 
into three categories: a-, P-, and 0-defensins (3). p-defensins 
are predominantly produced by barrier epithelial cells, they not 
only attack invading microbes, but may also modulate the 
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host's immune response and cell-mediated immunity via 
cytokine expression, providing an interface between innate and 
adaptive immune response (4). With the growing problem of 
pathogenic organisms which are resistant to conventional 
antibiotics, there is increased interest in the pharmacological 
application of antimicrobial peptides to treat infection. 

Especially, with the increasing of occurrence of 
immunocompromised patients and increasing use of catheters 
and implants, the incidence of invasive fungal infections in 
humans has increased considerably. Candida bloodstream 
infections have steadily increased since the 1980s and account 
for 8-15% of all bloodstream infections (5). It had initiated a 
search for innate peptide antibiotics as alternative drug 
therapies because of the presence of fungal strains with multi- 
drug resistance. Mouse p-defensin 2 was firstly reported by 
Morrison et al. in 1999 (6), its gene sequence is similarly to 
another mouse and human airway beta defensins. In the past 
decade, the information on mBD2 function was very scarce, 
mBD2 was only reported to show activity against 
Staphylococcus aureus in vivo (7). The effects of mBD2 on 
pathogenic bacteria, fungi and virus had been poorly studied. 

In the present paper, we established a prokaryotic 
expression system for producing recombinant mBD2 (rmBD2). 
The conditions of cultivation and induction were optimized 
systematically for further improve mBD2 productivity. Purified 
rmBD2 showed not only antibacterial activity against 
Staphylococcus aureus and antifungal activity against C. 
albicans and C. neoformans, but also antiviral activity against 
IAV. It might be as a therapeutic agent for the inhibition of 
microbe infection and avoiding the problems of acquired 
resistance. 

MATERIALS AND METHODS 

Strain, medium, and enzyme 

E. coli JM109 was used as the host strain for gene 
manipulation. E. coli Rosseta-gami (2) (Novagen, Shanghai, 



China) were used as host strains for fusion protein TrxA- 
mBD2 expression. Staphylococcus aureus (ATCC 25923), 
Escherichia coli ATCC 25922, Pseudomonas aeruginosa 
(clinical isolate) were used for antibacterial assay. C. albicans 
(ATCC 10231) and C. neoformans (clinical isolate) were used 
for antifungal assay. IAV A/PuertoRico/8/34 (PR-8, H1N1) 
titer was determined by the 50% tissue culture infective does 
(TCID 50 ) analysis in MDCK and evaluated by the method of 
Reed and Muench. 

Luria-Bertani (LB) medium (w/v), containing 0.5% yeast 
extract, 1 % tryptone, and 1 % NaCl, was used for manipulation 
of molecular clone, simple recombinant expression, and seed 
culture. 2xYT medium (w/v): 1.6% tryptone, 1% yeast extract, 
0.5% NaCl, was used for fermentation. Mueller-Hinton broth 
(M-H medium) containing (w/v) 0.5% beef extract, 1.75% 
casamino acid, 0.15% starch was used for antibacterial assay. 
Sabouraud's medium (w/v), containing 1% peptone, 4% 
glucose and YPG medium (w/v) containing 1% yeast extract, 
1% peptone, 2% glucose were used for antifungal assay. 

Taq DNA polymerase, restriction enzymes, and T4 DNA 
ligase were purchased from Takara Biotech Co.Ltd (Dalian, 
China). 

Expression vector construction and protein expression 

The cDNA for mature mBD2 was amplified using 
polymerase chain reaction (PCR) from the pcDNA3.1(+)- 
mBD2 plasmid, which was a gift from Dr. De Yang (NIH 
Senior Scientist, USA). Primers were designed according to the 
coding sequence of mBD2 (GenBank Accession No. 
AJ011800) and synthesized by Invitrogen (Shanghai, China), 
the forward primer: 5'-GCG GGTACC GACGACGACGACAA 
GGCAGAACTTGACCACTG-3', sequence containing a 
restriction site for Kpn I (underlined) and codons of 
enterokinase cleavage site (dotted) at the 5' end; the reverse 
primer: 5 '-GCGCTCGAGTC ATTTC ATGT ACTTGC AAC AG 
G-3', sequence containing a restriction site for Xho I 
(underlined) at the 5' end. Standard molecular biology 
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techniques were used in vector construction. The PCR conditions 
were following: 94°C, 4 min; 30 cycles of 94°C, 30 s; 58°C, 30 s; 
72°C, 30 s; 72°C, 5 min. PCR product was cleaved by Xho I and 
Kpn I, and the mBD2 fragment was inserted into similarly 
digested pET32a(+) (Novagen, Shanghai, China) to construct the 
expression vector pET32a-mBD2. Vector pET32a-mBD2 was 
transformed into JM109 and the correct sequence was confirmed 
through DNA sequencing at the DNA sequencing laboratory of 
Takara Biotech Co. Ltd (Dalian, China). Vector pET32a-mBD2 
was transformed into E.coli Rosseta-gami (2) for fusion protein 
expression. Isolated colonies were used to inoculate LB medium 
(containing 100 |ug/ml ampicillin) overnight with shaking at 37 °C. 
Then, the overnight cell suspension was added to medium (with 
100 jug/ml ampicillin) with the ratio of 1% (v/v) at 37°C and 
cultured following the optimized condition: induce with 0.6 mM 
IPTG at 34°C in 2xYT medium, and harvest at 6 h post-induction. 
Each gram of cell paste was suspended in 10 ml of binding buffer 
(20 mM sodium phosphate, 500 mM NaCl, 40 mM imidazole, pH 
7.4), which contains ImM PMSF, and lyzed by sonication and 
subsequent centrifugation 12,000 rpm for 25 min at 4°C. The 
fusion protein was analyzed by 15% SDS-PAGE. The expression 
yield was analyzed using Quantity One Quantitation software 
(Bio-Rad) according to the relative band intensities of Coomassie 
blue staining. 

Product purification and analysis 

Purification was performed on the AKTA Purifer system 
(Amersham Pharmacia Biotech) with His Trap™ FF crude (GE, 
Healthcare), which was prepacked with the affinity medium Ni 
Sepharose 6 Fast Flow. The purified fusion protein (TrxA-mBD2) 
was desalted by Amicon® Ultra- 15 10K Centrifugal Filter 
Devices (Millipore, USA) and subjected to recombinant 
Enterokinase-His (rEK-His, Zhongda Nanhai Marine Biotech, 
Guangdong, China) digestion at 25°C for 16 h in recommended 
buffer (0.2 mM Tris-HCl, 100 mM NaCl, pH 8.0). The mixture 
buffer was further purified by His Trap™ HP crude. Released 
mature mBD2 peptide (theoretical molecular weight of 4.5 kDa) 
was obtained by the effluent of loading sample of digestion 
mixture and further desalted by Amicon® Ultra- 15 3K Centrifugal 
Filter Devices. Finally, the released mature mBD2 was examined 



by Tricine-SDS-PAGE (8) and Western blot with anti-mBD2 
antibody (Santa Cruz, CA, USA). The Bradford assay was used 
for quantitative analysis of protein. 

Antibacterial assay 

The antibacterial activity of rmBD2 was evaluated using a 
broth dilution assay (9). Bacterial organisms were grown 
overnight at 37°C with shaking in M-H medium. The grown 
bacteria were inoculated into fresh broth and grown to mid-log 
phage. The grown bacteria were washed three times in 10 mM 
sodium phosphate buffer (PB: Na 2 HP0 4 /NaH 2 P04, pH7.5) and the 
final concentration was adjusted to 10 4 cfu/ml. 50 ul grown 
bacteria and serial dilutions of rmBD2 in PB was added to each 
well of a microtiter plate, followed by incubation for 3 h at 37°C. 
100 ul of 2xM-H medium was added to each well, and after 24 h 
of incubation at 37°C, the MIC was determined by visual 
inspection and by measurement of the OD 600 . Various 
concentration of NaCl (from 0-150 mM) was used in the culture 
with 50 |ug/ml rmBD2 to analyze the effect of NaCl concentration 
on the antibacterial activity of against Staphylococcus aureus. 

Antifungal activity assays 

For MIC testing (10), fungal cells were grown in Sabouraud's 
medium and resuspended in the fresh yeast complete medium 
YPG with diluted 100-fold. The medium was dispensed by 90 ul 
aliquots into the wells of a microplate containing 10 ul of either 
0.2 mM NaHC0 3 or the twofold serial dilutions of rmBD2 or 
TrxA-mBD2 (0.88-200 ug/ml) in 0.2 mM NaHC0 3 . Growth of 
fungi was evaluated by visual analysis after 24 h at 30°C. 
Colony counting assay, concentration killing curve of rmBD2 was 
determined using colony counting assay (11) with slight 
modifications. Briefly, fungal cells were grown overnight in YPG 
medium. On the following day, the cells were washed three times 
in buffer 10 mM PB and the final concentration was adjusted to 
lxlO 6 cells/ml. The cell suspensions were mixed with serial 
dilutions of rmBD2 in 10 mM PB and incubated for 3 h at 37°C. 
Cell suspensions were diluted 200-fold in 10 mM PB, followed by 
spread onto YPG agar plates and incubation at 25°C. Control 
culture was incubated with 10 mM PB alone. After 48 h, fungal 
colonies were enumerated. Cell survival was expressed as a 
percentage of the control. Various concentration of NaCl (from 
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0-150 mM) was used in the culture with 25 ug/ml rmBD2 to 
analyze the effect of NaCl concentration on the antifungal activity 
of against C. albicans and C. neoformans. 

Antiviral activity assay 

MTT assay was employed for evaluating the activity of 
rmBD2 against IAV [12]. Briefly, The PR-8 (10TCID 50 ) were 
preincubated with serial double diluted rmBD2 or TrxA-mBD2 
(100—3.125 ug /ml) in 10 mM PB for 1 h. The regular medium of 
confluent monolayer MDCK cells was aspirated and washed with 
PBS, followed by added the 100 ul of the virus-peptide mixture to 
MDCK cells for 1 h at 37°C. Cells were washed with PBS and 
overlaid with 100 ul fresh DMEM medium. Tray was incubated at 
37°C in 5% C0 2 for 48 h and cytotoxicity was measured with the 
MTT [3-(4,5-dimethylthiazolyl-2)-2,5-diphenyl tetrazolium 
bromide] kit (GMS 10039, Genmed Scientifics Inc) following the 
manufacture's instructions. 

RESULTS AND DISCUSSION 

Protein expression and purification 

Because of its well-established expression systems, fast 
growth rate and low cost, the E. coli is used commonly as a host 
cell to express proteins. In our present study, the employed 
expression system is the E. coli pET/Origami, in which the E. coli 
Origami host strains have mutations in both the thioredoxin 
reductase and the glutathione reductase genes to enhance greatly 
cytoplasmic disulfide bond formation (13). Additionally, the 
Rosseta strains supply rare tRNAs to enhance the expression of 
eukaryotics proteins. In the expression vector pET32a-mBD2 
(Figure 1), mBD2 was fused with TrxA, this fusion expression 
alleviates the obstacles in using E. coli as the host cell for 
antibiotic peptides expression, including the host-killing activity 
and the susceptibility to degradation of product (14). Between the 
TrxA and mBD2 coding sequence, there is a His -Tag, which 
serves as the detection and purification tag in later steps. This 
expression vector was transformed into E. coli Rosetta-gami (2) 
for expression fusion protein. In SDS-PAGE analysis, compared to 
the negative control of Rosseta-gami(2)/pET32a, a foreign protein 
was expressed in Rosetta-gami(2)/pET32a-mBD2. Under the 



optimization of fermentation parameters, the fusion protein TrxA- 
mBD2 reached 95% in the soluble fraction (Figure 2a). The rEK- 
His cleaved fusion protein was further purified by His Trap™ HP 
crude, and the mature mBD2 was released by the precise cleavage 
of TrxA-tag. The mBD2 was analyzed by Tricine-SDS-PAGE 
(Figure 2b) and Western blot. Finally, the expression of soluble 
mature mBD2 was achieved 6 mg/L with a volumetric 
productivity. 




Figure 1. Schematic representation of the expression vector, 
pET32a-mBD2. The cDNA for mature mBD2 were amplified 
using PCR from the pcDNA3.1(+)-mBD2 plasmid. PCR product 
was cleaved by Xho I and Kpn I, and the mBD2 fragment was 
inserted into similarly digested pET32a(+) vector to construct the 
expression vector, pET32a-mBD2. 
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Figure 2. Expression of fusion protein TrxA-mBD2 in E. coli 
Rosseta-gami (2)/pET32a-mBD2 cells and Tricine-SDS-PAGE 
analysis of enterokinase digested. The cDNA for mature mBD2 
was inserted into pET32a(+) to construct the expression vector 
pET32a-mBD2, which was transformed into E. coli Rosseta- 
gami (2) for expression fusion protein, (a) Fusion protein was 
expressed in soluble and insoluble forms. Under the 
optimization of fermentation parameters: induce with 0.6 mM 
IPTG at 34 in the 2xYT medium and harvest at 6 h post- 
induction, fusion protein TrxA-mBD2 was high expressed in 
the soluble fraction (>95%). Lane 1: soluble protein of Rosseta- 
gami (2)/pET32a-mBD2; Lane 2: insoluble protein of Rosseta- 
gami (2)/pET32a-mBD2; (b) The fusion protein was 
specifically digested with rEK-His, the mixture buffer was 
further purified by His Trap™ HP crude. The released mature 
rmBD2 protein was obtained by the effluent of loading sample 
of digestion mixture and further desalted and condensed by 
Amicon® Ultra- 15 3K Centrifugal Filter Devices. Lane 1: 
purified mature mBD2; Lane 2: mixture of TrxA-mBD2 after 
rEK-His digestion. 

Antibacterial assay 

The result of broth dilution assay showed that MIC value 
of rmBD2 against Staphylococcus aureus was 50ug/ml, and the 



concentration killing curves was shown in Figure 3 a. The 
growth of Staphylococcus aureus was strongly suppressed with 
the increasing concentration of rmBD2. Thus, the rmBD2 
showed antibacterial activity against Staphylococcus aureus. 
This result was in accordance with antibacterial assay of mBD2 
in vivo (7). However, the antibacterial activity of rmBD2 
against E. coli and Pseudomonas aeruginosa was not observed 
at the concentrations of 0.88-200 ug/ml (data not shown). In 
addition, the result of the effect of NaCl concentration on the 
antibacterial activity of mBD2 showed that mBD2 is a salt- 
sensitive peptide (Figure 3b). So far, most defensins and other 
antimicrobial peptides were described (15,16) as the salt- 
sensitive peptides, sodium chloride inhibited the antimicrobial 
activity. Tomita et al. (17) reported other salts with similar 
effects and a higher strength, not the specific ions are the cause 
of the inhibition. Currently, disruption of the initial interaction 
between the negatively charged membrane of microbe and the 
positively charged peptide is thought to be the cause of this 
dependency of ionic strength on activity (18). 

Antifungal assays 

Because of the toxicity of the currently used polyene antifungal 
drugs and the emergence of resistant candidal specie to azole- 
based agents, alternative treatment strategies are needed. Due 
to their unique mechanism of action, p-defensins are expected 
to be ideal therapeutic agents for mitigating the problem of 
acquired resistance (19). Several plant defensins are inhibitory 
to C. albicans which can cause fatal infections in 
immunocompromised patients (20). In the present work, two 
assays were employed to examine the antifungal activity of 
mBD2. The results of MICs determination assay showed 
activity against C. albicans and C. neoformans with MIC 12.5 
ug/ml and 25 ug/ml, respectively. It should be noted that the 
value of MIC is also affected by assay conditions such as initial 
concentration of fungal cells, used medium, and the incubation 
time, etc. The concentration killing curves of rmBD2 were 
determined by colony counting assay, and the 
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results were shown in Figure 4a. The growth of C. albicans and C. 
neoformans were significantly suppressed with the increasing 
concentration of rmBD2. Thus, our results suggest that mBD2 
would play a role in the protection of fungal infection. However, 
the antimicrobial activity of fusion protein TrxA-mBD2 was not 
observed at the concentrations 0.88-200 ug/ml (data not shown). 



In addition, the NaCl concentration also had an effect on the 
antifungal activity of mBD2. And the antifungal effect was 
suppressed by increasing NaCl concentration, when the 
concentration was 150 mM, rmBD2 was almost totally inactive 
(Figure 4b). This salt-sensitive property was in accordance with 
another peptides isolated from mouse (9, 16). 




R o mbtii a ut n iBD2 dig /nil} NaCl c o no eutration (111M) 

Figure 3. Antibacterial activity of rmBD2 using the broth dilution assay. Bacterial cells were inoculated into fresh broth and grown to mid-log 
phage. The cells were washed three times and the final concentration was adjusted to 10 4 cfu/ml. 50 ul cells and serial dilutions of rmBD2 in 10 
mM PB were added to each well of a microtiter plate, followed by incubation for 3 h at 37°C. 100 ul of 2xM-H medium was added to each well, 
and after 24 h of incubation at 37°C, the cells growth was determined by visual inspection and by measurement of the OD 600 . Bacterial growth is 
expressed as percentage of maximal OD observed in the absence of peptide. 0-150 mM NaCl were used in the culture with 50 ug/ml rmBD2 to 
analyze the effect of NaCl concentration on the antibacterial activity, (a) Bacterial-killing curve of rmBD2 against Staphylococcus aureus, (b) 
Effect of NaCl concentration on rmBD2 against Staphylococcus aureus. Data was obtained from three independent experiments performed each 
in triplicate and reported as mean + standard deviation. 
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Figure 4. Antifungal activity of rmBD2 using the colony counting assay. Fungal cells were grown overnight in medium YPG. The cells were 
washed three times in buffer 10 mM PB and the final concentration was adjusted to lxlO 6 cells/ml. The cell suspensions were mixed with serial 
dilutions of rmBD2 in 10 mM PB and incubated for 3 h at 37°C. Cell suspensions were diluted 200-fold in 10 mM PB, followed by spread onto 
YPG agar plates and incubation at 25°C. Control culture was incubated with 10 mM PB alone. After 48h, fungal colonies were enumerated. 0-150 
mM NaCl were used in the culture with 25 ug/ml rmBD2 to analyze the effect of NaCl concentration on the antifungal activity of against C. 
albicans and C. neoformans. (a) Fungal-killing curve, (b) Effect of NaCl concentration on the antifungal activity of rmBD2. Data was obtained 
from three independent experiments performed each in triplicate and reported as mean ± standard deviation. 1185 
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Antiviral activity assay 

In addition to the antibacterial and antifungal activity, 
antiviral activity of mBD2 was assessed against IAV. MDCK 
cells were incubated with serial double diluted rmBD2-treated 
PR-8, and the cytotoxicity was evaluated at 48 h postinfection 
with MTT kit. Under presented conditions, rmBD2 was 
effective to protect MDCK from infected with PR-8 and 
decreased virus-induced cell death in a dose-dependent manner 
(Fig.5) (12). The protective rate was 93.86% at the rmBD2 
concentration of 100 jig/ml. However, the fusion protein TrxA- 
mBD2 had no activity of anti-influenza (data not shown). It 
suggested that rmBD2 has the clear antiviral activity. 

In conclusion, firstly, we successfully established a high- 
level expression system of functional mBD2 peptide, this 
protocol could be applied for design and expression of other 
functional antimicrobial peptides. Secondly, this work firstly 
demonstrated that mBD2 exhibits broad-spectrum 
antimicrobial activity. It showed not only strongly antibacterial 
and antifungal activities but also antiviral activity. It may play 
an important role in the innate immune response against these 
pathogens in the airway of mice. Its pharmaceutical potential 
and medical importance are worth further exploring. 
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Figure 5. Antiviral activity of rmBD2 using the MTT assay. 
The viruses were preincubated with different concentrations 
(100 - 3.125 ug/ml) of rmBD2 for 1 h at 37°C, followed by 
added the virus-peptide mixture to confluent monolayer 



MDCK cells for 1 h at 37°C. Infection mixture was discarded 
and cells were washed with PBS and overlaid with fresh 
DMEM. The cytotoxicity was measured with the MTT kit after 
infected 48 h. The percentage of antiviral activities of the 
rmBD2 was calculated as: protective rate = [(mean optical 
density of test — mean optical density of virus 
controls)/(optical density of cell controls — mean optical 
density of virus controls)] x 100%. At the concentration 100 
ug/ml, rmBD2 protected 93.86% cells from infection by 
influenza virus PR-8 (12). 
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